We studied the spatial beam profile of a high peak power, ultra-short laser pulse passing through a diffractive beam shaping system. In theoretical simulation, we considered the effects of both group velocity dispersion and nonlinear selfphase modulation on the reshaped beam profile. The output spatial and temporal intensity profile of a 100-fs laser pulse at different energy levels is calculated. We also present the experimental result of the fluence profile at the beam shaping system's target plane for a 1-mJ, 100-fs near infrared laser pulse which is generated from a multi-pass laser amplification system.
INTRODUCTION
A uniform intensity distribution over a spot area of a laser beam is often desired in various technical and scientific applications. In laser-assisted micromachining technology, for instance, a top-hat beam profile has found wide applications for precise treatment and modification of materials such as microshaping [1] , annealing [2] and micropatterning [3] in which a controlled transfer of energy at the laser spot is essential. In photolithography technology, a flat-top laser beam can improve the exposure process efficiently [4] . Other applications of a top-hat laser beam includes optical data storage [5] , holographic recording technology [6] and so on.
Beam shaping of ultra-short pulsed lasers in the sub-picosecond regime is even more important because of the many advantages of ultra-short laser pulses over the continuous wave (CW) lasers in the micromachining technology [7] . Since heat diffusion time in materials is typically in the nanosecond regime, with sub-picosecond laser pulses the plasma formation process within the laser illuminated zone is almost instantaneous and therefore collateral damages to the surroundings can be reduced significantly.
Several approaches have been developed to reshape a Gaussian laser beam profile into a top-hat profile for CW lasers. With geometrical optics, McDermit designed a rotationally symmetric reflective beam shaping system to obtain prescribed irradiative distributions from collimated laser sources [8] . Geometrical methods normally use ray tracing and the laws of reflection and refraction to determine the profiles of the optical surfaces. Shealy's group has designed and tested a refractive beam shaping system [9] consisting of two plano-aspherical lenses. For multimode laser beams, a multiaperture integrator [10] is especially suitable. Diffractive diffusers [11] can also be used to homogenize the intensity of a laser beam, but their applications as beam shapers are limited due to the speckles appearing in the output pattern. A more conventional beam shaping technique uses diffractive optics. Dickey developed a diffraction-based method [12] for converting single mode Gaussian beams into flat-top beams. This beam shaping system maps a Gaussian laser beam into a homogeneous irradiance profile using a phase element and a transform lens. An obvious advantage of this beam shaping system is that by changing the transforming lens, the output beam profile can be changed in scale.
We study the spatial intensity profile of high peak power, ultra-short laser pulses passing through a diffractive beam shaping system originally developed for CW lasers. We simulate the spatial profile and temporal evolution of a 100-fs pulse at the target plane of the beam shaping system. In our study, the field strength is high enough that it is necessary to incorporate the optical material's nonlinear characteristics. Our simulation includes the nonlinear self-phase modulation effect as well as the propagation time delay (PTD) and group velocity dispersion (GVD) to describe the pulses' behavior passing through the beam shaping system. In our experiment, we test the beam shaping system with 100-fs laser pulses generated from an eight-pass laser amplification system. The pulse energy is 1 mJ, an energy level frequently used in many laser technologies. Our experimental result confirms that this beam shaping system works well at this energy level. This is in good agreement with the theoretical calculation. 
THEORY
The diffractive beam shaping system we study was originally developed by Dickey [12] . A scheme of this system is shown in Figure 1 . A laser beam with Gaussian intensity distribution is incident on the phase delay element, and the plane wave front of the beam will be curved due to the difference in the lateral phase delay. The energy of a laser beam with this delayed phase front profile, after focused by the transform lens and propagating a certain distance, will be redistributed over the spot area in the target plane. The phase delay profile determines the final energy distribution. In order to obtain a top-hat energy distribution, the phase delay profile as a function of radius is calculated as [12] : This system was originally designed for CW laser beams. For an ultra-short pulsed laser beam, we can study the beam shaping system as follows: the laser pulse can be transformed into frequency domain by Fourier transform. Each frequency component, as a single color laser beam, is spatially reshaped after passing through this beam shaping system. The complex amplitude of each frequency component at the target plane is transformed into the intensity of a single pulse by inverse Fourier transform. During propagation through the optical elements, the frequency components are dispersed, and the dispersion is described by the dependence of the wave vector as a function of frequency, given by :
Ω is the central frequency of the pulse's spectrum. This dispersion of the laser pulse results in PTD (related to ' m k ) and GVD ( related to ' ' m k ) [13] .
For high peak power laser pulses the material's nonlinear optical properties can not be neglected. The so-called Nonlinear Schrödinger Equation (NSE) is a complete description of the nonlinear optical effects in the optical materials, such as self-focusing, pulse splitting, self-steepening and shock wave formation. However, the nonlinear optical effects included in the NSE are not of same significance. The nonlinear self-phase modulation (SPM) is dominant among all the nonlinear effects based on the characteristic length of each nonlinear optical effect. Therefore, we incorporate the SPM effect into our beam shaping simulation. SPM will introduce an intensity-dependent phase shift given by [14] : is radius dependent, the SPM phase shift will introduce a radius-dependent distortion of the pulse's wave front, and therefore influence the final intensity distribution. A detailed description of the theoretical simulation has been published in ref. [15] . The final intensity profile of the laser beam is given by [15] : We calculated this equation numerically. For BK7 glass material used in our experiment, the value of the GVD parameter is [16] cm fs k m / 446 2 ' ' = , and the value of the nonlinear index coefficient is [17] W cm n / 10 45 . 3
The pulse passing through the beam shaping system is 100 fs with an energy ranging from 3 mJ to 100 mJ. The intensity profile as a function of radius and local time at the target plane is shown in Figure 2 The theoretical simulation shows that at relative low energy levels, the top-hat fluence profile is still maintained, but the sharpness of the top-hat profile is reduced (Figure 3b ). As the pulse energy increases, the flat-top is destroyed by the self-phase modulation (Figure 3c and 3d) . A series of diffraction rings arise at the target plane. The self-phase modulation will result in a phase increment from the center to the edge of the beam, the intensity profile in transverse wave vector space shows peaks and valleys resulting from constructive and destructive interference. Therefore, we can see a series of spikes in the fluence curve. The number of bright rings can be estimated from the maximum phase difference r φ ∆ between the center and the edge of the beam [20] . The number of bright rings is given by the integer closest to but smaller than π (Fig. 3d) .
EXPERIMENT
Our previous experiment [18] confirms that this beam shaping system works well for ultra-short laser pulses at an energy level of several nanojoules. In order to study the beam shaping of high power laser pulses, we built a multi-pass laser amplification system which generates 3-mJ pulses at 30 Hz repetition rate. This corresponds to an amplification factor of 10 6 . The amplified laser beam is expanded and sent through the beam shaping system, and the output beam profile is captured by a CCD camera. 
High power laser system
Our laser amplifier is based on the technique of chirped pulse amplification (CPA) [19] . The amplification system consists of a pulse stretcher, an eight-pass amplifier and a pulse compressor, shown in Figure 4 . This amplifier is seeded by an 800-nm wavelength pulsed laser beam from a Ti:sapphire oscillator (Tsunami, Spectra Physcis) operating at a repetition rate of 80 MHz, and the pulse bandwidth is about 50 nm which can support a Fourier transform limited laser pulse width below 100 fs. Fig. 4 . Chirped pulse amplification system. The energy of the output laser pulse is 3 mJ, and pulse duration is 100 fs after the pulse compressor.
In order to avoid any possible damage to the Ti:sapphire crystal used in the amplifier, the 100-fs seed pulse is stretched by a factor of 10 3 to about 150 ps before entering the multi-pass amplifier. We use a gold-coated 1200-groove/mm grating in the pulse stretcher. The dispersed beam is reflected back and forth between a parabolic mirror and a flat mirror four times resulting in an effective dispersion distance of 160 cm. The stretched pulse is sent into an eight-pass amplifier. This seed beam is focused by a concave mirror, and passes through a 0.25% Ti-doped sapphire crystal cut at the Brewster's angle of o 4 . 60 . The laser crystal is at the focus of four 50-cm concave mirrors, and is pumped by a Qswitched Nd:YAG laser. The pump energy used in the eight-pass amplifier is about 40 mJ. The green light from a 30 Hz q-switched frequency-doubled YAG laser (Quantaray, Spectra Physics) is split by a 50% beam splitter, and pumps the crystal from both sides. The output of the eight-pass amplifier is about 3 mJ. The pulse width is compressed back to 100 fs, and the pulse energy drops to about 1 mJ due to the loss in the compressor. This pulse compressor uses two identical gratings as used in the pulse stretcher. Figure 5 shows the autocorrelation trace of the 1-mJ amplified and recompressed pulse. 
Beam shaping system
After amplification, the 100-fs, 1-mJ laser beam is expanded to 5 mm and sent into the diffractive beam shaping system. We record the output beam profile using a CCD camera with a m m µ µ 8 . 9 4 . 8 × pixel-size resolution. Figure 6 shows the experimental data of the fluence profile along the central axis of the target plane together with the calculated fluence curve. The recorded beam profile agrees with the theoretical top-hat distribution. This result confirms the validity of this beam shaping system for the application of ultra-short laser pulses at milijoule energy level. Fig. 6 . Fluence profile along the central axis of the target plane for a 1-mJ, 100-fs laser pulse passing through the beam shaping system. The theoretical curve is plotted as solid line, and the experimental results are plotted as filled squares.
Future work
In addition to the measurements discussed above, we will continue our study with laser pulses of even higher energy. By adding a second multi-pass amplifier, the seed beam can be amplified to an energy level of about 100 mJ. Therefore, the peak power of the laser pulse can reach the terawatt range. As a future work, we will use the terawatt laser pulse to study the nonlinear effect of this beam shaping system and compare the experimental data with our theoretical simulation.
CONCLUSION
We calculated the spatial intensity profile of a 100-fs pulse passing through a diffractive beam shaping system. The nonlinear property of the optical material, along with the first and second order dispersion, is included in the theoretical model. We simulated the reshaped intensity pulse profile at different energy levels, and conclude that at relatively low energy levels (a few milliJoules), this beam shaping system can reshape a Gaussian beam into a top-hat profile without being affected by dispersion and nonlinear phase modulation. However, as the pulse energy increases, the top-hat profile will be destroyed. We also performed experimental studies of this system using 100-fs, 1-mJ laser pulses generated by a CPA laser amplifier. The experimental results confirm our theoretical calculation of the pulse shape at milliJoule energy level. The nonlinear optical effects will not seriously destroy the top-hat profile at this energy level. Our future work will focus on even higher energy levels in order to study the influence of the material's nonlinear optical properties on the beam shaping system.
